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For a Standard Model Higgs boson with mass between 115 GeV and 150 GeV, the two-photon
decay mode is important for discovery at the Large Hadron Collider (LHC). We describe the in-
teractions of a light Higgs boson in a more model-independent fashion, and consider the parameter
space where there is no two-photon decay mode. We argue from generalities that analysis of the
tt¯h discovery mode outside its normally thought of range of applicability is especially needed under
these circumstances. We demonstrate the general conclusion with a specific example of parameters
of a type I two-Higgs doublet theory, motivated by ideas in strongly coupled model building. We
then specify a complete set of branching fractions and discuss the implications for the LHC.
Introduction. The Standard Model (SM) explanation
for Electroweak Symmetry breaking (EWSB) – that one
condensing Higgs boson doublet carries all burdens of el-
ementary particle mass generation – remains speculative.
Experimental results are consistent with this simple ex-
planation, albeit for an increasingly shrinking window of
Higgs boson mass. Precision electroweak data suggest
that the Higgs boson must be less than ∼ 200GeV [1],
otherwise the virtual effects of the Higgs boson cause the-
ory predictions to be incompatible with the data. Direct
searches at LEP II indicate that the Higgs boson mass
must be greater than 114GeV [2].
Despite these passive successes of the SM Higgs bo-
son, well-known theoretical concerns involving natural-
ness and the hierarchy problem suggest that the sim-
ple SM explanation is not complete. There have been
an extraordinary number of interesting ideas that have
surfaced for a more palatable description of EWSB and
elementary particle mass generation, and each of them
affects Higgs boson collider observables. The effect could
be small, as in supersymmetry with very heavy super-
partners and a SM-like lightest Higgs boson, or large, as
in strongly coupled theories of EWSB [3].
In this letter, we examine an enlargement of the Higgs
sector. It resembles the Standard Model in that it con-
tains one light Higgs boson, but differs from the SM in
the strengths of this particle’s interactions with other
fields. There is a compelling reason for doing this sort
of analysis: soon data from the LHC, a pp collider with√
s = 14 TeV, will teach us a great deal more about the
theoretical nuances of EWSB. We begin our analysis by
introducing a basic, model-independent parameterization
of the couplings of the light Higgs boson to SM particles.
We then examine how modifications to these couplings
can dramatically affect the collider observables most rel-
evant to Higgs searches. In particular, we focus on the
process gg → h → γγ, which is one of the most promis-
ing channels for the discovery of a light Higgs boson at
the LHC, and demonstrate how such modifications to the
Higgs couplings affect the potential for discovery.
Shutting off two-photon decays. Higgs boson decays to
two photons provide one of the most important detec-
tion channels for a SM Higgs boson in the mass range
115 GeV . mh . 150 GeV. Here, we wish to discuss the
possibility that the two-photon decay branching fraction
of the Higgs boson is significantly reduced compared to
that of the SM. This can occur for many reasons. In
certain regions of parameter space within supersymme-
try, for example, this is possible when the partial width
to the dominant mode, such as h → bb¯, is significantly
enhanced such that B(h → γγ) = Γ(h → γγ)/Γtot → 0
because Γtot is so large [4]. However, a rather extreme
shift in couplings is needed in general to suppress the
h → γγ branching fraction to an insignificant level this
way. A less extreme way that nature could reduce the
h → γγ branching fraction is by simultaneously altering
the various couplings that enter the effective hγγ vertex
such that a cancelation occurs. We will focus primarily
on this second possibility.
The SM Higgs boson observables at the LHC involve
tree-level interactions of the Higgs boson with WW , ZZ,
and f f¯ . A model-independent parameterization of these
interactions suggests that we multiply each of the vertices
by an η-factor of
gsmhWW → ηW gsmhWW , gsmhZZ → ηZgsmhZZ , gsmhf¯ f → ηfgsmhf¯ f
The relevant observables also rely crucially on the Higgs
boson interacting at the loop level with gg and γγ, and
to a lesser degree of importance γZ. These interactions
can be sensitive to new particles entering at one-loop
order. Experimental data presently have little bearing on
the question of how large an effect the new particles can
have on the effective hgg or hγγ vertices, and so we will
parameterize their effects through effective operators. In
general, deviations of the hγγ and hgg couplings arise two
ways: deviations of couplings of SM particles in the loops,
and extra corrections due to exotic particles or effects
contributing to the effective interactions. The former can
be parameterized in terms of the η coefficients described
above; the latter can be parameterized by introducing
new variables δg and δγ . In the limit that the top quark
is much heavier than the other SM fermions, the resulting
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FIG. 1: Lines in ηt/ηW vs. δγ/ηW represent where Γ(h →
γγ) → 0 for various values of mh in the range of Higgs bo-
son masses where the two-photon decays are thought to be
important for discovery at the LHC.
operators are(
δγ + ηWF1(τW ) + ηt
4
3
F1/2(τt)
)
h
v
α
8pi
FµνF
µν (1)
and
(
δg + ηtF1/2(τt)
) h
v
αs
8pi
GaµνG
aµν , (2)
where v ≃ 246GeV (SM Higgs VEV), τi = 4m2i /m2h, and
F1/2(τ) = −2τ [1 + (1− τ)f(τ)] (3)
F1(τ) = 2 + 3τ + 3τ(2− τ)f(τ) (4)
and
f(τ) =
{
arcsin2(1/
√
τ ) τ ≥ 1
− 1
4
[log(η+/η−)− ipi]2 τ < 1 (5)
with η± = (1±
√
1− τ ) [5]. One should note that F1(τi)
and F1/2(τi) can be complex if mh > 2mi, as this corre-
sponds to internal lines going on shell. Since any Higgs
boson worth its name has the property ηW 6= 0, one can
express the condition under which the effective hγγ ver-
tex vanishes as(
ηt
ηW
)
= −3
4
(
1
F1/2(τt)
(
δγ
ηW
)
+
F1(τW )
F1/2(τt)
)
(6)
In fig. 1, we plot the contours of Γ(h → γγ) = 0 in the
ηt/ηW vs. δγ/ηW plane. The various lines of the plot
correspond to various values of mh within the range of
Higgs boson masses that are considered applicable for
discovery through their h→ γγ decay channel.
Theory discussion. From experience in supersymme-
try, exotic physics contributions to δg or δγ can decouple
very rapidly and have small effects [4]. Possible excep-
tions to this statement include a radion in warped ge-
ometry that has large δg and δγ contributions due to
quantum breaking of conformal invariance [6], or non-
renormalizable operators with low-scale cutoff [7]. If
mixed with a condensing Higgs boson, the lightest mass
eigenstate can have significant δg and δγ contributions.
Nevertheless, if we approximate that δg and δγ are zero,
we are left with the reasonable conclusion that the top
quark coupling to the Higgs boson is greatly enhanced
compared to its SM value. This is to be expected in
the case where the h→ γγ decay rate goes to zero, since
theW -induced amplitude contribution is about six times
larger than the top-quark induced amplitude contribu-
tion and of the opposite sign. Thus, one expects that a
theory with reduction of the W coupling and simultane-
ous increase in the top-quark coupling has the potential
to reduce and even zero out the h→ γγ amplitude.
Reducing W couplings is easy: arrange for several
states or mechanisms to contribute to EWSB. Any indi-
vidual Higgs boson state will have reduced couplings to
W since couplings are proportional to the contribution
that the Higgs boson makes to the mass of the W boson.
As for the coupling to the top quark, increasing its value
is not only possible, but can be expected when EWSB is
shared among many sectors. If the top quark couples to
only one Higgs boson H that does not fully generate the
W masses, then the Yukawa coupling of the top quark
to that Higgs has to have a larger value to generate the
requisite top quark mass (i.e., mt/〈H〉 > mt/〈Hsm〉).
The above considerations lead us naturally to think
in terms of a type I two-Higgs doublet scenario [5, 8].
In such a scenario, both (complex) doublets, which we
denote Φf and ΦEW , obtain VEVs and contribute to
EWSB and vector boson mass generation, but only one
of the Higgs bosons, Φf , gives mass to the fermions.
Among the eight degrees of freedom in ΦEW and Φf three
are eaten by W±L , Z
0
L, two become charged Higgses H
±,
one becomes pseudo-scalar A0, and two become scalars
h0, H0, where h0 is the lightest. Such a theory framework
can be motivated by the dynamics of a strongly coupled
sector [3] which contributes to EWSB and to the vector
boson masses. It is well-known that giving mass to the
heavy fermions simultaneously is difficult, and so an ad-
ditional scalar (or effective scalar) can be added to the
theory that gives mass to the fermions (somewhat rem-
iniscent of other approaches [9]). Of course, this second
sector will necessarily contribute to vector boson masses
as well (one cannot hide EWSB from the vector bosons),
and a complicated mixing among the two Higgs doublets
ensues.
In our study we define a mixing angle β between the
two Higgs VEVs, tanβ = 〈Φf 〉/〈ΦEW 〉. A second angle,
α, which parameterizes the mixing between the gauge
and mass eigenstates of the CP-even Higgs, is defined by
the relation(
H0
h0
)
=
(
cosα sinα
− sinα cosα
)( √
2Re(Φ0EW )√
2Re(Φ0f )
)
(7)
The deviations in the couplings to SM fermions and vec-
3tors bosons of h0 compared to the SM Higgs depend only
on these angles:
ηf =
cosα
sinβ
, ηW,Z = sin(β − α). (8)
The value of α is computed from the full potential of
the theory is model-dependent, as are the masses of H±
and A0. The most stringent experimental constraint on
these parameters comes from b→ sγ. The experimental
limit is BR(b → sγ) = (3.3 ± 0.4) × 10−4 and in type I
Higgs doublet models [10],
Γ(b→ sγ) = αG
2
Fm
2
b
128pi4
∣∣AW + cot2 βAH(mH± )∣∣2 , (9)
where AW and AH are the respective loop functions for
the SM and charged-Higgs-induced contributions. AH is
a function of mH± that has opposite sign to that of AW .
When H± is light, the charged Higgs contribution to b→
sγ can be large and sinβ is either constrained to be close
to one, or sinβ is tuned to a smaller value such that
AW+cot
2 βAH ≃ −AW , thereby leading to an acceptable
prediction. If mH± >∼ few TeV AH is effectively zero for
any value of sinβ >∼ 1/3. In both of these cases (light or
heavyH±) a solution exists for our purposes, and theH±
does not substantively affect the two-photon decay rate of
the Higgs boson. We specify α to be small (in order to be
precise in our discussion, we choose α = 0), which is also
nicely consistent with m2A,m
2
H0 ,m
2
H± ≫ m2h0 and the
model contains only one light Higgs boson. An extremely
small α is by no means required, however, and we note
that the results that carry forward will exhibit the same
qualitative features when |α| . 1/2.
Numerical results. In fig. 2 we compute the decay
branching fractions of a 140GeV Higgs boson as a func-
tion of sinβ relative to the SM decay branching frac-
tions. In this, and subsequent calculations, SM quan-
tities are obtained using HDECAY [11], and we allow
sinβ to vary from 1 down to ∼ 0.250, below which point
the perturbativity of the top quark Yukawa (given by
yt =
√
2mt/v sinβ in this model) becomes a concern.
For low values of sinβ the branching fraction to bb¯ is en-
hanced significantly over that of WW ∗. As sinβ → 1,
which recovers the SM result, WW ∗ wins out.
More important than the branching fractions, however,
is the total cross-section of pp → h → γγ, since that is
what is measured at the collider. The largest contribu-
tion to the production cross-section for this observable
σh(γγ) is through gluon fusion, gg → h → γγ. The
amplitude for gg → h is the same as for h → gg up
to simple co-factors at leading order. Thus, we make a
good estimate of the relative size of the pp → h → γγ
cross-section:
σh(γγ)
σh(γγ)sm
=
Γh(gg)
Γh(gg)sm
Γh(γγ)
Γh(γγ)sm
(
Γh(tot)
Γh(tot)sm
)−1
(10)
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FIG. 2: Ratio with respect to the SM of decay branching
fractions as a function of sin β for the light Higgs of a type I
two-Higgs doublet model. Here, we have takenmh = 140 GeV
and α = 0.
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FIG. 3: Ratio with respect to the SM of cross-section ob-
servables at the LHC (
√
s = 14 TeV) as a function of sin β
for the light Higgs of a type I two-Higgs doublet model, with
mh = 140 GeV and α = 0.
In fig. 3 we plot σh(γγ)/σh(γγ)sm as a function of sinβ
for mh = 140GeV (and we retain α = 0). For 0.38 .
sinβ <∼ 0.55 we see that the total cross-section into two
photons is more than an order of magnitude lower than
the SM cross-section, thereby severely compromising the
ability of the LHC to discover the light Higgs boson via
that channel. However, as we suggested above, the tt¯h→
tt¯bb¯ cross-section is greatly enhanced by nearly an order
of magnitude above the SM cross-section. Thus, it may
still be possible to discover such a Higgs boson.
To investigate this, we compute the significance of dis-
covery, with 30 fb−1 of integrated luminosity, of the h0
Higgs boson in this model by scaling the known signif-
icance values [12] for discovering a SM Higgs boson in
various channels using the ATLAS detector. In fig. 4 we
assume that α = 0 and as we vary the Higgs boson mass
we select the value of sinβ such that Γ(h → γγ), and
hence σ(gg → h→ γγ), is zero. Any value of sinβ in the
neighborhood of this point will yield similar significance
4mh (GeV) Γtot(h) (MeV) Γ
sm
tot (h) (MeV)
110 12 3.0
130 16 4.9
150 23 17
TABLE I: In this table, we list the total width of the Higgs
boson, evaluated when the hγγ effective coupling is adjusted
to zero, for a variety of choices of the Higgs mass. The SM
width is also shown for comparison.
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FIG. 4: Significance of various light Higgs boson observables
at the LHC with 30 fb−1 of integrated luminosity. This plot
is made for α = 0 and sin β ≃ 0.45 where Γ(h → γγ) → 0 in
the type I two-Higgs doublet model.
of discovery values for the channels displayed. The other
significance values are modified from their SM values by
the scaling of the Higgs couplings by ηW,Z and ηf ac-
cording to equation (8). Our scaling of the significance
values is justified since the Higgs boson width remains
narrow and never exceeds the invariant mass resolutions
(e.g., ∆mγγ/mγγ ∼ 1% [13]) of the relevant final states
over the range of interest – see table I.
Higgs boson discovery channels involving one or more
couplings between the Higgs and EW gauge bosons (in-
cluding all weak boson fusion processes) are suppressed
by factors of ηW,Z as well as by an increase in the to-
tal width of the Higgs due to an increase in Higgs de-
cays to bb, which dominate the total width in the mass
range of interest—see table I. In contrast, the tth chan-
nel significance is dramatically increased. As a result,
while the usual channels in which one would look to dis-
cover a Higgs boson in the mass range 115 GeV . mh .
150 GeV are suppressed below the 5σ level, there is still
the opportunity to discover the Higgs boson in the tt¯h
channel. The searches, of course, must extend themselves
to Higgs boson mass values well above what is normally
thought to be the relevant range for this signature.
Conclusions. Higgs decays to two photons provide one
of the most important channels through which one might
hope to discover a light (115 GeV . mh . 150 GeV) SM
Higgs boson at the LHC. However, nature allows a Higgs
sector whose couplings differ from their SM values in such
a way that Γ(h → γγ) is suppressed into irrelevance.
This possibility occurs readily in scenarios involving ad-
ditional contributions to electroweak symmetry breaking
from sources that do not contribute to the generation of
fermion masses. The Higgs coupling to EW gauge bosons
is decreased relative to the SM result as its contribution
to EWSB is decreased, and its coupling to the fermions
is consequently augmented, allowing for a cancelation in
the coefficient of the effective hγγ vertex. This is well
illustrated in type I two Higgs doublet models and in a
variety of models where there exists a dynamical contri-
bution to EWSB. If this is the case, one cannot rely on
the usual channels (weak boson fusion, h → WW ∗, and
h → γγ itself) to discover a Higgs boson. Nevertheless,
such a Higgs could still be detected through processes
like tth, with h decaying to bb or ττ .
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